Marine Algae, Marine Invertebrates, Influenza Virus, Inhibition Sixty products, derived from marine organisms, typical of the Bulgarian Black Sea coast, were examined for inhibitory activity on the reproduction of influenza viruses in tissue cul tures. The antiviral effect was investigated by the reduction of virus infectivity. Using repre sentative strains of influenza virus it was shown that apparently the inhibitory effect was strain-specific. The most effective products were further studied in fertile hen's eggs and in experimental influenza infection in white mice.
Introduction
Marine organisms represent a promising source of antiviral compounds (Cannell, 1993; Che, 1991) . The inhibitory effect on a range of viruses has been studied (Ballesteros et 1991 Kathan, 1965) .
The objective of our study was to investigate a number of marine plants and organisms, typical of the Bulgarian Black Sea coast and to evaluate their potential as a source of biologically active substances with antiviral properties. Sixty products were tested for antiinfluenza virus activity in tissue cultures. The most effective products were further studied in fertile hen's eggs and in experimental influenza infection in mice.
Materials and Methods

Substances
The investigated marine algae and invertebrates were collected in the Black Sea in summer. The fresh organisms were cleaned from other organ isms, immediately dipped in ethanol and trans ported to the laboratory. About 1 0 0 -1 2 0 g of the fresh material, corresponding to 1 0 -1 5 g of dry material, was homogenized with chloroformmethanol (500 ml, 1:1, v/v) and refluxed for a few minutes in order to inactivate the enzymes. The extractions were repeated three times, the com bined extracts were concentrated to about 200 ml and 200 ml water was added. Two layers were formed -the upper one -water (W) contains po lar compounds, while the lower layer -chloro form, contains lipophilic compounds (L). The lipo philic layers contain about 1 g material, while the water layers contain about 2 -3 g material. In some cases total MeOH extracts (about 3 g), nBuOH or CH3C1 extracts (about 1 g) have been prepared by extraction of 100 g fresh material with 3 x 400 ml of the solvent «-butanol (see Table I ). The most effective extracts (Ceramium rubrum, Phyllophora nervosa, Polysiphonia denudata) were subjected to further separation by consecu tive extraction of the water extract (150 mg in water:ethanol 1:3, v/v 100 ml) with equal volumes of petroleum ether, dichloroethane, ethyl acetate and n-butanol. The most active product, water ex tract from Polysiphonia denudata (Rhodophyta) was subjected to chromatography with charcoal and eluted by Me0H/H20 mixtures with increas ing concentrations of MeOH, pure MeOH and acetone:MeOH 2:1, v/v. The water extract was sub jected to acidic hydrolysis with 5 ml 15% HC1. After refluxing for two hours the reaction mixture was cooled and subsequently extracted with equal 0939-5075/2000/0100-0087 $ 06.00 © 2000 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com • D volumes of methylene chloride and «-butanol. For the antiviral experiments 10% stock solutions of the preparations were made in distilled sterile water and the working dilutions further were made in cell culture medium ex tempore.
Viruses
Avian influenza virus A/chicken/Germany/27, strain Weibridge (H7N7) (A/H7N7) and human influenza viruses -A/PR/8/34 (H1N1) (A/H1N1), A/Krasnodar/101/59 (H2N2) (A/H2N2), A/Hong Kong/1/68 (H3N2) (A/H3N2), B/Lee/40 were grown in tissue cultures of chorioallantoic mem branes (CAM) or in fertile hen's eggs. A/Aichi/2/ 68 (H3N2) had been adapted to the lung of white mice. The viruses were maintained by passages in 11 days old hen's fertile eggs and were used as allantoic fluids. The virus stock was stored at -70 °C. The virus infectious titers were determined by hemagglutinin(HA) titration endpoint calcu lated according to Reed and Muench (1938) and expressed in 50% infectious doses per ml (log IDso/ml).
Test systems
The antiviral studies were carried out in the following test systems:
1. Roller cultures of CAM from 1 1 -1 2 days old fertile hen's eggs were prepared a/ according to Zakstelskaya (1975) for toxicity and b/ accord ing to Horvath (1954) for the antiviral experi ments. The cultures were maintained in glass tubes on a roller apparatus. The culture medium contained 4% phosphate buffer, 4% glucose, 1 % ovoalbumin and antibiotics (100 jig/ml streptomycin and 100 U/ml penicillin G). 2. Stationary cultures of CAM were prepared after Maltzeva et al. (1973) . The culture medium was as described above. 3. 1 0 -1 1 days old fertile hen's eggs. The eggs were kept at 37 °C. 4. White mice, strain ICR, male and female, 1 8 -20 g.
Toxicity
In CAM the toxicity was monitored following the effect of the preparations on tissue morphol ogy and viability. Roller CAM (la ) in glass tubes were cultivated in the presence of serial two-fold dilutions of the substances and checked daily for 72 h for morphological changes. The toxicity was scored (score 0 = 0% changed CAM, score 1 = 0 -2 5 % changed CAM, score 2 = 2 5 -5 0 % changed CAM, score 3 = 5 0 -7 5 % changed CAM, score 4 = 7 5 -1 0 0 % changed CAM). The maximal tolerated concentration (M TC) was determined as the dose that caused no detectable morphological changes in CAM. The concentration required to cause visible changes in 50% of intact CAM with respect to control, 50% toxic concentration (TC 50), was evaluated from graphic plots. Fertile hen's eggs were inoculated with serial two-fold di lutions of the substances; early and late toxicity was estimated (Ilyenko, 1977) . The toxicity for mice was determined according to Ilyenko (1977) . 50% lethal dose (L D 50) was determined as the dose that caused death in 50% of intact fertile eggs and animals.
Hemagglutination (H A ) assay
Fifty ^1 of allantoic virus suspensions were di luted 8 times, two-fold dilution each time, and in cubated with an equal volume of 1 % hen erythro cyte suspension for 30 min at the room temperature. The hemagglutination titre was esti mated as the reciprocal value of the last dilution in which hemagglutination was observed.
Virucidal activity
The direct inactivating effect was tested in a contact assay. Ten-fold diluted allantoic fluids of the viruses were treated with equal volumes of two-fold serial dilutions of the substances for 1 h at 37 °C. The difference in the biological activities of the control and treated viruses was determined on the base of HA-production (H A assay).
Antiviral assays
In vitro and in ovo the virus-inhibitory effect was followed by the reduction of virus infectivity. In CAM a modification of E P T T (50% endpoint titration technique) described by Vanden Berghe et al. (1986) for cell cultures was used. In roller (lb ) or stationary cultures of CAM serial ten-fold dilutions of the viruses (1 -1 0 4 ID 50/ml) were inoc ulated simultaneously with two-fold dilutions of the preparations. The antiviral experiments lasted for 48 h (72 h for B/Lee) at 37 °C (33 °C for B / Lee). At the end of the incubation period the viral growth was evaluated by hemagglutination of the supernatants of the tissue cultures p er se with 1 % solution of hen's erythrocytes and the infectious titres were calculated. The minimal inhibitory con centration (M IC) was determined as the minimal dose that caused significant reduction of viral re production in CAM (d log ID 50/ml = 1). The signi ficance of the difference between infectious titres of control and treated viruses was estimated by Student's t test. The dose that caused 0.5 log (50% ) reduction of infectious titres, 50% effective concentration (E C 50), was estimated from graphic plots. The selectivity index (SI) was calculated from the ratio T C 50/EC50.
In fertile eggs two-fold dilutions of the sub stances were inoculated 1 h before the addition of serial ten-fold dilutions of the viruses (1 -104 ID 50/ ml). At the end of 48 h incubation the viral growth was estimated as described above for CAM. The antiviral effect of the preparations was determined by the differences in the virus infectious titres (6 log ID 50/ml) in the absence and in the presence of the preparations.
In vivo the antiinfluenza effect was determined in white mice infected nasally with 1 -1 0 L D 50 of A/Aichi (H3N2). The substances were inoculated according to a prophylactic-therapeutic schedule before and after infection ( -2 4 , -2 , +2, +24, +48 h). The mortality rate was followed for 14 days. The inhibitory effect was determined on the basis of the reduction of mortality and the prolongation of survival times (Ilyenko, 1977) . The protective index (PI) was determined from the equation PI% = PR-l/PR, where PR = Mcontrol/Mexperirnent and M is% of mortality. The results are the mean values of 2 -4 experiments.
The antiviral effect was scored with respect to the inhibition of the reproduction of one or more viral strains caused by the preparations applied in a 1/4 MTC dose as follows: score -=non-significant inhibition, score + = 50% inhibition, score ++ = 90% inhibition, score +++ = 99% inhibition, score ++++ = >99% inhibition.
In all antiviral experiments non-drug treated, mock-infected cultures were used as tissue culture control and non-drug treated, virus-infected cul tures -as virus control. Rimantadine hydrochlo ride (Hoffmann -La Roche Inc., Nutley, N J), (1 ng/ml) was used as a positive control.
Results and Discussion
Many natural products have been found to pos sess virus-inhibitory activity (Vanden Berghe et al., 1986). Recent biochemical and pharmacological investigations on marine organisms evaluate them as an interesting source of potential antiviral com pounds (Cannell, 1993; Che, 1991; Molinski, 1993; Rinehart, 1989; Vozzinskaya et al. 1993; Witvrouw and De Clercq, 1997) . The information about the antiinfluenza virus activity of marine products is scarce. Gerber et al. (1958) established a protec tive effect of seaweed extracts for chicken em bryos infected with influenza B virus (but not in fluenza A). Kathan (1965) 1994, Witvrouw and De Clercq, 1997) . Antiinfluenza virus activity of marine microalgae (Michailov et al., 1994) and marine invertebrates has also been detected (Bichurina et al., 1993) .
As a part of a project on the biological effects of marine products sixty extracts, fractions and synthetic compounds from marine organisms (sea plants and invertebrates) were tested for antiinflu enza virus activity (Table I) . 24 of the products (40% ) showed a significant antiviral effect, among them 5 markedly inhibited viral reproduction and 2 exhibited notable activity. This result is a much higher figure than that, reported by Ballesteros et al. (1992) for a screening experiment of 65 prepa rations (2 1 % ) and closer to the outcome of screen ing experiment of 73 extracts, reported by Premanathan et al. (1992) (50% ). Virus-inhibitory effect was found mainly among the water extracts -Cystoseira barbata (Heterocontophyta), Ulva rigida (Chlorophyta), Phyllophora nervosa (Rhodophyta), Ceramium rubrum (Rhodophyta) and Polysiphonia denudata (Rhodophyta). The lipophilic extracts from Gelidium latifolium and Polysiphonia denudata and two synthetic marine sponge al kaloids (aplysinopsine and its N-methyl deriva tive) were also active. The virus-inhibitory effect was dose-dependent (Tables I, II) . The strain-specificity of the virus-inhibitory effect (Table II) was consistent with its selectivity. The toxicity of the active extracts varied and their selectivity index (SI = TC5o/EC50) was between 5 to 403. The active preparations did not exhibit any direct virus-inactivating activity when applied in doses up to 5 mg/ml.
The same algae extracts were tested for antimi crobial activity (Serkedjieva et al., 1998) ; it was shown that some of them reduced the growth of St. aureus and B. subtilis, but there was limited co incidence between the antiviral and antimicrobial activities. Lack of direct virus-inactivating and an timicrobial activities in the effective preparations suggested that the virus-inhibitory effect was spe cific.
Further the most active extracts Ceramium ru brum (W), Polysiphonia denudata (W ) and Phyllophora nervosa (W) were fractionated with solvents of increasing polarity. Only the ethyl acetate and water/methanol fractions of Polysiphonia denudata (W ) reduced significantly influenza virus rep lication (Table I) . The water extracts from Polysiphonia denudata, Cystoseira barbata, Ulva rigida, Phyllophora n er vosa and Ceramium rubrum inhibited significantly the reproduction of influenza virus also in fertile eggs (Table III) . The water extracts from Polysi phonia denudata and Ulva rigida reduced the mor tality rate of white mice in experimental influenza infection with A/Aichi (H3N2) when applied orally and extended the time of survival (Ta ble IV). The inhibitory effect of the aqueous ex tract from Polysiphonia denudata was further studied in detail. The preparation reduced selec tively and in a dose-related manner the virus-induced cytopathic effect, the infectious virus yields, the expression of viral proteins on the infected cell surface in E L ISA , the virus-specific protein syn thesis in chicken embryo fibroblast cells, infected with A/FPV (H7N1) (unpubl.). The presented results do not offer an explana tion about the mode of the inhibitory activity of the extracts from marine organisms. There are data that many marine bioactive products have af finities for certain cellular receptors in the mam malian cell (Molinski, 1993) and thus can interfere with the initial steps of viral replication. Ehresmann et al., 1997 suggested that herpes virus inhi bition by algal extracts was due to a block at viral adsorption. An algal extract inhibited herpes virus penetration in a dose-dependent manner, did not inhibit virus attachment to cells and did not affect host protein synthesis (Hayashi et al., 1993) . We have studied in detail the virus-inhibitory effect of the water extract from Polysiphonia denudata and it was found that the preparation reduced the re production of A/H3N2 by inhibition of viral ad sorption to susceptible cells and had an effect on viral synthetic stages (unpubl.).
At this stage of our investigations we can not define the biologically active components in the extracts. However the presented results support the view that marine organisms are an interesting source of potential antiviral compounds (Cannell, 1993; Che, 1991; Rinehart, 1989; Vozzinskaya et al. 1993; Witvrouw and De Clercq, 1997) . Projects on the virus -inhibitory activity start with a screen ing of extracts (Ballesteros et al., 1992; Ehresmann et al., 1997; Premanathan et al., 1992), followed by the isolation of biologically active substances. Some of the constituents of marine algae, such as carageenans and alginates have no analogues (Vozzinskayaa et al., 1993) . Sulfated polysaccha rides attracted considerable attention as potential antiviral agents (for review see Witvrouw and De Clercq, 1997 ).
In conclusion it can be stated that the Bulgarian Black Sea coast offers marine plants and inverte brates possessing pronounced antiviral activity. The study of their biologically active constituents is in progress.
